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Available online 20 May 2016Host cell microdomains are involved in the attachment, entry, and replication of intracellular microbial patho-
gens. Entry into the host cell of Toxoplasma gondii and the subsequent survival of this protozoan parasite are
tightly coupled with the proteins secreted from organelle called rhoptry. The rhoptry proteins are rapidly
discharged into clusters of vesicles, called evacuoles, which are then delivered to parasitophorous vacuoles
(PVs) or nucleus. In this study, we examined the roles of two host cell microdomain components, cholesterol
and glycosylphosphatidylinositol (GPI), in evacuole formation. The acute depletion of cholesterol from the host
cell plasmamembrane blocked evacuole formation but not invasion.Whereas the lack of host cell GPI also altered
evacuole formation but not invasion, instead inducing excess evacuole formation. The latter effect was not inﬂu-
enced by the evacuole-inhibiting effects of host cell cholesterol depletion, indicating the independent roles of
host GPI and cholesterol in evacuole formation. In addition, the excess formation of evacuoles resulted in the en-
hanced recruitment of host mitochondria and endoplasmic reticulum to PVs, which in turn stimulated the
growth of the parasite.
© 2016 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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Toxoplasma gondii is awidespread and obligate intracellular parasitic
protist. It can infect virtually all types of nucleated mammalian and
avian cells. As an opportunistic human pathogen, this parasite causes
diseases in immunocompromised individuals and in neonates following
congenital infection. T. gondii belongs to the phylum Apicomplexa,
which also includes Plasmodium, the causative agent of malaria, and
Cryptosporidium, responsible for intestinal cryptosporidiosis. One of
the features shared by apicomplexan parasites is the presence of an
apical complex, which consists of specialized secretory organelles,
micronemes and rhoptries. Both of them are involved in host cell inva-
sion [1]. Apicomplexan parasites can infect different types of host cells,
but these parasites share a conservedmode of host cell invasion. The se-
quential secretion of proteins from micronemes and rhoptries enables
parasite motility, promotes close attachment of the parasite to the tar-
get cell, and leads to its active penetration [2]. Invasion by T. gondii is, National Institute of Infectious
Japan.
.
land Ltd. This is an open access articlethought to be accompanied by two membrane maturation steps. Fol-
lowing attachment, rhoptry proteins (ROPs) are initially discharged
into the host cytoplasm as multivesicular structures referred to as
evacuoles (eVs), at least some of which fuse with the parasitophorous
vacuole (PV) membrane, which is derived and then further modiﬁed
from the host cell plasma membrane [3–6]. During invasion, a type of
tight junctions, called moving junctions (MJs), form at the circular
point of contact between the parasite surface and thehost plasmamem-
brane. Because invasion is a rapid process, completed within 15–30 s
[7], eV formation is typically examined using cytochalasin D (CytD),
which arrests glidingmotility and active penetration. CytD-treated par-
asites still have a high binding capacity for host cells and are able to form
MJs. However, while this approach allows detailed morphological char-
acterization of eVs, their molecular composition, including the source of
the eV membrane, has yet to be determined.
Microdomains (or lipid rafts) are tightly packedmembrane domains
rich in cholesterol and sphingolipids [8,9]. Host cell cholesterol is essen-
tial for the invasion of T. gondii [10] and is found at the PV membrane
(PVM) shortly thereafter [11]. Interestingly, however, during the inva-
sion of T. gondii [12,13] or Plasmodium falciparum [14], the majority of
type I transmembrane proteins are excluded,whilemanyother proteinsunder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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harboring these parasites. This selective sieving process, called molecu-
lar sorting, seems to be controlled byMJs, but the precisemechanism in-
volved is poorly understood. While exclusion of host transmembrane
proteins may serve to avoid PVM fusion with host lysosomes [15,16],
the signiﬁcance of the inclusion of microdomain-associated molecules
such as GPI-anchored proteins into these structures is unclear. It also re-
mains to be determinedwhether the sorting of host cell membrane pro-
teins that occurs during the invasion process also takes place during eV
formation.
T. gondii extensively associates with host mitochondria and endo-
plasmic reticulum (ER) at the PVM, concomitant with and continuing
after invasion. This phenomenon is observed in vitro and in cells from
infected animals [17,18]. Both host cell structures may serve as a source
of lipids for T. gondii proliferation or PV enlargement [19–21]. Because
some ROPs quickly associate with the nascent PVMafter their secretion,
they are thought to play a role in the association between host organ-
elles and the PVM [19]. ROP2, in particular, has been proposed as the
physical link that tethers host mitochondria to the PVM [22]. However,
it was recently shown that the knockout of all ROP2 family proteins
(ROP2A, ROP2B, and ROP8) does not prevent parasite recruitment of
host mitochondria [23]. Mitochondrial association factor 1 (MAF1)
was recently identiﬁed as one of themediator of host-mitochondrial as-
sociation of T. gondii [24].
Here, we show that host plasma membrane components are incor-
porated into eVs and that the uptake of host cell components during
eV formation is selective. In addition, we provide evidence that twomi-
crodomain components of the host plasma membrane, GPI and choles-
terol, play important roles in the formation of eVs but not PVs.
Speciﬁcally, whereas GPI deﬁciency causes an increase of eV size, cho-
lesterol depletion results a decrease of eV number. Finally, we show
that both T. gondii proliferation and the recruitment of mitochondria
and ER to PVs are increased in GPI-deﬁcient mammalian cells, probably
because of the excess injection of ROPs. The proposed regulatory mech-
anismmay allow T. gondii toﬂexibly adapt to hostmicrodomain dynam-
ics, which may in turn contribute to the extremely broad host range of
this parasite.2. Materials and methods
2.1. Reagents and antibodies
All chemicals were obtained from Sigma-Aldrich (St. Louis, MO,
USA), unless indicated otherwise. CytD and calcium ionophore
A23187 were dissolved in dimethylsulfoxide (DMSO) at 1 mM. Filipin
III was dissolved in DMSO at 10 mg/ml and stored at−80 °C. Fluores-
cently conjugated secondary antibodies were obtained from Life tech-
nologies (Carlsbad, CA, USA).2.2. Cell culture
Tachyzoites of the RH strain of T. gondii or genetically engineered
mutant strains were maintained by serial passage in HFF grown in
Dulbecco'smodiﬁed Eagle'smedium (DMEM;Wako, Osaka, Japan) con-
taining 10 mM HEPES, 10% fetal bovine serum (FBS; Bovogen Biologi-
cals, Victoria, Australia), 2 mM L-glutamine, and 10 μg gentamicin/ml
at 37 °C in an atmosphere of 5% CO2, as described previously [28]. T.
gondii expressing GFP-tagged ROP16 was a gift from Dr. M. Yamamoto
(Osaka University, Japan). Wild-type (WT), GPI-deﬁcient mutants
(GPAA1 and M2S2), the complemented GPAA1 clone (cCHO), and
GPI-anchored green ﬂuorescent protein (GFP-GPI) of Chinese hamster
ovary (CHO) cells were kindly provided from Dr. T. Kinoshita (Osaka
University, Japan). The CHOs were grown as monolayers in Ham's F-
12medium (Wako) containing 10% FBS.2.3. PV and eV assays
Parasites were collected by scraping the cell monolayer and released
from the host cells by passage through a 21-gauge needle. Extracellular
parasites were ﬁltered onto a polycarbonate membrane ﬁlter (3.0-μm
pore size; Millipore, Bedford, MA, USA) and washed in Hanks' balanced
salt solution (Wako) containing 0.1 mM EGTA and 10 mM HEPES [28].
Host cells were cultured on 12-mm glass coverslips (Matsunami
glass, Osaka, Japan) for 48 h before the experiment. To promote the
formation of eVs, the monolayers were challenged with T. gondii
pretreated with 1 μM CytD for 10 min at room temperature, at a
concentration of 108 parasites/ml in DMEM containing 10% FBS. Fol-
lowing challenge for 60min at 37 °C in the presence of 1 μMCytD, the
monolayers were washed in phosphate-buffered saline (PBS) pH 7.4
three times prior to ﬁxation in 4% formaldehyde (FA), dissolved in
PBS. For PV assays in Fig. 1, GFP-GPI or CHOmonolayers on coverslips
were challenged with 107 parasites/ml in DMEM containing 10% FBS
for 60 min at 37 °C. Infected monolayers were washed with PBS and
then ﬁxed in 4% FA.
2.4. Indirect immunoﬂuorescence assay and confocal microscopy
For immunoﬂuorescence microscopy, the infected monolayers were
ﬁxed in 4% FA for 20min at room temperature, and permeabilized by in-
cubation at room temperature for 20 min in PBS containing 0.5% Triton
X-100. The permeabilized monolayers were then rinsed three times
with PBS, blocked twice in PBS containing 5% normal goat serum and
5% FBS for 10 min at room temperature, and rinsed three more times
with PBS containing 1% FBS. Parasites were stained with mouse mono-
clonal antibody against the surface antigen of T. gondii, anti-SAG1
(DG52) [28]. The parasite proteins ROP1 and ROP2 were detected
using rabbit or mouse anti-ROP1 and mouse anti-ROP2, respectively.
Anti-SAG1, anti-ROP1, and anti-ROP2 were provided by Dr. L.D.
Sibley (Washington University School of Medicine, St. Louis, MO,
USA). The host cell proteins Src and Cav-1 were detected using
anti-Src (36D10) rabbit monoclonal antibody (Cell Signaling
Technology, Boston, MA, USA) and anti-Cav-1 rabbit polyclonal
antibody (Cell Signaling Technology), respectively, with perme-
abilization by incubation in PBS containing 0.3% Triton X-100 and
staining by overnight incubation with the primary antibodies,
according to the manufacturer's instructions. The stained monolayers
were then rinsed in PBS containing 1% FBS and incubated with Alexa
Fluor (405, 488 or 594) conjugated goat anti-mouse or goat anti-rabbit
antibodies diluted into PBS containing 1% FBS. The coverslips were
rinsed in PBS and then in DW, mounted in VECTASHIELD mounting
medium (Vector Laboratories, Burlingame, CA, USA), and examined
using a confocal laser scanning microscope (Zeiss LSM510 or 780, Carl
Zeiss, Oberkochen, Germany).
2.5. Invasion assay
Cells were cultured on 12-mm glass coverslips for 48 h before the
experiment, challenged with GFP-expressing T. gondii (GFP-Toxo)
[30] at a concentration of 2 × 106 parasites/ml for 60 min at 37 °C,
washed by PBS three times, and ﬁxed in 4% FA. Extracellular parasites
were labeledwith anti-SAG1 followed by Alexa 594 staining, without
permeabilization. LSM 510 was used to count the number of
parasites and total of 300 parasites per coverslip were examined.
The ratio of intercellular parasites (green-staining) to total 300
parasites (green plus yellow staining) is deﬁned as invasion efﬁciency
[28].
2.6. Depletion and repletion of host cell cholesterol
Cell monolayers grown on 12-mm glass coverslips were incubated
with 10 or 15 mM MβCD for 30 min at 37 °C and then challenged
Fig. 1. The selective sorting of host molecules during evacuole (eV) or PV formation. (A) EVs (detected by anti-ROP1, green) formed inHFF (left panel) and CHO (right panel) cells infected
with CytD-treated parasites for 60 min (stained with anti-SAG1, red). Arrowheads indicate the position of the eVs. (B) GPI localization of GFP-GPI (green) expressing CHO cells infected
with parasites (red). The arrowhead indicates the position of the PVmembrane (PVM). (C) Localization of GFP-GPI and eVs (red) in GFP-GPI expressing CHO cells infected with parasites
(cyan). Arrowheads indicate the position of the eVs. (D) The percentage of eVs (left panel) or PVs (right panel) containing GPI, Src and Cav-1, respectively, were examined inﬁfty vacuoles
for each in CHO cells. Data show mean ± SEM from three independent experiments. Statistical signiﬁcance by unpaired t-test: *, p b 0.05; **, p b 0.005.
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addition experiments, the monolayers pre-treated with MβCD were
washed with PBS and then treated with 0.2 or 0.5 mM Chol for 2 h at
37 °C before challengingwith parasites. For the analysis of eV formation,
cCHO monolayers pretreated with MβCD were challenged with CytD-
pretreated parasites (108/ml) for 60 min at 37 °C in the presence of
1 μM CytD, washed, permeabilized with 0.5% Triton X-100, and ﬁxed
as described above. The eVs were detected with anti-ROP1 followed
by Alexa 488 staining, and the parasites with anti-SAG1 followed by
Alexa 592 staining. For quantitative analysis, the presence or absenceof eV (b0.5 μm in diameter) was counted in 100 host cells were counted
for each treatment.2.7. Filipin staining of host cell cholesterol
To examine the effect ofMβCD on host plasmamembrane cholester-
ol, cCHO and GPAA1 monolayers on coverslips treated with MβCD only
or both of MβCD and Chol were ﬁxed in 4% FA and then incubated with
25 μg ﬁlipin/ml for 30min. The cells were then viewed by LSM 700with
381M. Tahara et al. / Parasitology International 65 (2016) 378–388UV-ﬂuorescence and the captured images were analyzed with ImageJ
software (http://rsbweb.nih.gov/ij/index.html).
2.8. Labeling of host mitochondria and ER
For host mitochondria and ER labeling, cCHO or GPAA1 monolayers
on coverslips were challengedwith GFP-Toxo (107/ml) for 24 h at 37 °C.
The infected monolayers were washed with PBS, labeled by incubation
for 45 min at 37 °C with 0.1 μM of MitoTracker Red CMXRos (Life tech-
nologies), dissolved in 1 mM DMSO (prepared in culture medium),
washed in PBS, and returned to fresh prewarmed culture medium for
20 min at 37 °C. This procedure was repeated twice, after which the
cells were rinsed in PBS and then ﬁxed in 4% FA. The mitochondria
were identiﬁed by the density in the picture. For ER staining, themono-
layers infected with GFP-Toxo for 24 h 37 °C were washed in PBS, ﬁxed,
and incubated with rabbit polyclonal antibody against KDEL (Abcam,
Cambridge, UK), an ER marker, followed by goat anti-rabbit antibody
conjugated Alexa Fluor 594. The cells were then observed using LSM
780.
Images were imported directly into ImageJ software and processed
using the same settings for control and experimental cells.
2.9. Transmission electron microscopy
To quantify the association between the PVM and host mitochon-
dria, cCHO and GPAA1 cells grown on 6-cm culture dishes were chal-
lenged with T. gondii (107 parasites/ml) for 24 h at 37 °C, ﬁxed in
100 mM phosphate buffer (PB, pH 7.4) containing 2% glutaraldehyde
(GA) and 2% paraformaldehyde (PA) at 4 °C in 30 min. Thereafter,
they were incubated with 2% GA in 100 mM PB at 4 °C overnight.
After this ﬁxation the samples were washed 3 times with 100 mM PB
for 30 min each, and were postﬁxed with 2% osmium tetroxide in
100mMPB at 4 °C for 3 h. The samples were dehydrated in graded eth-
anol solutions (50%, 70%, 90%, 100%), transferred to a resin (Quetol-812,
Nissin EM, Tokyo, Japan), and polymerized at 60 °C for 48 h. The poly-
merized resins were ultra-thin sectioned with a diamond knife using
an ultramicrotome (Ultracut UCT, Leica Vienna, Austria) and the sec-
tions were mounted on copper grids. They were stained with 2% uranyl
acetate at room temperature for 15 min, and then they were washed
with distilled water followed by being secondary-stained with Lead
stain solution (Sigma-Aldrich) at room temperature for 3 min. The
grids were observed by a transmission electron microscope (JEM-
1200EX, JEOL, Tokyo, Japan). The observation was carried out by Tokai
Electron Microscopy (Nagoya, Japan).
2.10. Host cell growth assays
For determination of host cell growth, cell monolayers grown on 96-
well plates for 48 h at 37 °C were examined using cell counting kit
(Dojindo, Kumamoto, Japan). The number of host cells was assessed
based on their dehydrogenase activities and examined as the absor-
bance (450 nm) of reduced formazan.
2.11. Egress assays
WT, GPAA1, andM2S2monolayers on coverslips were infected with
GFP-Toxo (107/ml) for 36 h at 37 °C. The growth mediumwas replaced
with the medium containing 1 μM of Ca2+ ionophore A23187, 8% etha-
nol, or 50 μM of abscisic acid and then ﬁxed with 4% FA at each time
point after the replacement. The percentage of egressed vacuoles in
100 vacuoles was determined by epiﬂuorescence microscopy [28].
2.12. Parasite growth assays
Total intracellular parasite growth was monitored by measuring β-
galactosidase activity in the β-galactosidase-transfected clone 2F [31,32]. Cell monolayers grown in 96-well plates were infected with 103–
106 parasites/well for 48 h at 37 °C and then used for β-galactosidase
assay. To examine the time course of parasite replication in PVs, cell
monolayers on coverslips were infected with GFP-Toxo. The number
of parasites in a vacuole was counted 12–36 h after infection by
epiﬂuorescence microscopic visualization.
2.13. Statistical analysis
All values are expressed as the mean ± SEM and were compared
using an unpaired Student's t-test and Tukey's-test.
3. Results
3.1. Host proteins are incorporated selectively during eV formation
First, formation of eVs in Chinese hamster ovary (CHO) cells were
observed by immunoﬂuorescence microscopy and compared with
ones in human foreskin ﬁbroblast (HFF) reported in previous study
[4]. HFF and CHO cells were challenged with T. gondii tachyzoites treat-
edwith CytD; the formedeVswere observed by stainingwith anti-ROP1
antibody. EVs were observed as ribbon-like structures within the host
cell cytosol (an arrowhead in left panel in Fig. 1A), as shown in a previ-
ous study [4]. However, almost all of eVs in CHO cells were observed as
small dot-like structures (arrowheads in right panel in Fig. 1A).
We askedwhether eVs are formed by internalization of the host cell
plasma membrane, and whether host proteins are selectively incorpo-
rated into eVs during their formation, as is the case with PVs during T.
gondii invasion. CHO cells expressing GPI-anchored green ﬂuorescent
protein (GFP-GPI), generated by the addition of the GPI-anchoring sig-
nal at the C-terminal end of GFP, were infected with T. gondii.
Confocal microscopy showed that GFP-GPI was uniformly distribut-
ed along the host plasmamembrane (Fig. 1B and C) and in themajority
of the PVs (Fig. 1B and right panel in 1D). The latterwere detected at the
rim of the parasite, which was stained with an antibody against its sur-
face antigen (anti-SAG1) (Fig. 1B).We also incubated GPI-GFP-express-
ing CHOcellswith T. gondii treatedwith CytD. Similar to the PVs,most of
the eVs (66.1%) incorporatedGFP-GPI (Fig. 1C and left panel in D). These
results suggested that, like PVs, eVs incorporate at least some part of the
host plasma membrane. To further characterize the eVs, CHO cells in-
fected with T. gondii treated or not with CytD were stained with anti-
bodies against two other membrane proteins, respectively, Src, a fatty
acylated protein, and caveolin-1 (Cav-1), the principal protein compo-
nent of caveolae. Same as shown in a previous study [13], neither of
the proteins was found in PVs, indicating their exclusion by molecular
sorting (right panel in Fig. 1D). In the eVs, large part of Src was excluded
and only 27.4% of vesicles include it (left panel in Fig. 1D). Cav-1 was
completely excluded from the eVs, similar to PV. Thus, the selective up-
take of host proteinsmay occur not only during the formation of PV but
also eV formation.
3.2. Host GPI plays a role in eV formation
The incorporation of host GPI-anchored proteins into eVs, as de-
scribed above, suggested that host GPI plays a role in eV formation. To
test this hypothesis, eV formation was compared in CHO cells carrying
a mutation in the GPAA1 gene (GPAA1 cells) or in the same cells
complemented by transfection with GPAA1 (cCHO). GPAA1 encodes a
component of GPI-transamidase [25] needed to attach GPI to proteins.
Both cell types were infected with CytD-treated T. gondii expressing a
rhoptry protein ROP16 C-terminally fused with GFP (ROP16-GFP). In
cCHO cells, the eVs were observed as small vesicles (diameter ~ 1 μm,
arrowheads in upper-left panel in Fig. 2A), distinct from the parasites
stained with anti-SAG1 antibody. In the GPAA1 mutant cells, while
some of the eVs were a similar size to those seen in cCHO cells (arrow-
heads in upper-right panel in Fig. 2A), others were much larger
Fig. 2. The effects of GPI deﬁciency on eV formation. (A) eV formation within the GPI-deﬁcient mutant (GPAA1, upper-right and bottom panels) and the complemented GPAA1 clone
(cCHO, upper left). The cell monolayer was challenged with CytD-treated parasites stably expressing ROP16-GFP. The parasites were stained with α-SAG1 (red). Arrowheads and
arrows indicate normal and EIEs, respectively. Lower panels show a higher magniﬁcation of the EIEs. (B) Co-localization of ROP1 (red), ROP2 (cyan), and ROP16-GFP (green) in the
EIEs of GPAA1 cells.
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These eVs, referred to as excessively injected eVs (EIEs), were also ob-
served in the mutant cells, in which eVs were detected by anti-ROP1
or ROP2 antibody. Thepercentage of EIEs in total eVswas approximately
15% (data not shown). Moreover, the three signals (ROP16, ROP1, and
ROP2) co-localized in the EIEs (Fig. 2B). These results showed that in
T. gondii host GPIs play a role in the formation of eVs.
3.3. Host cholesterol is dispensable for PV formation but required for eV
formation
GPI-anchored proteins are concentrated in cholesterol-rich micro-
domains, called lipid rafts, in the plasma membrane of cells [8,9]. First,
the effect of methyl-beta-cyclodextrin (MβCD), a speciﬁc cholesterol-
extracting agent, on host cholesterol content was examined by staining
with ﬁlipin. Filipin intensity in control cCHO and GPAA1 cells (0 mM
MβCD)was 137± 2 and 140± 3, respectively, and there was no signif-
icant difference between two cells (p N 0.45 using t-test, Fig. 3A). Treat-
ment of cells with 10mMand 15mMMβCD for 30min at 37 °C resulted
in a signiﬁcant decrease in cholesterol content by 34% and 51% in cCHOcells and by 36% and 52% in GPAA1 cells, respectively (p b 0.05 using
Tukey's, solid lines in Fig. 3A). The ﬁlipin intensity in 10 and 15 mM
MβCD were recovered to 93% and 97% of the controls in cCHO cells
and to 84% and 69% of the controls in GPAA1 cells, respectively, after
the incubation in the presence of 0.5 mM cholesterol-saturated MβCD
(Chol) for 2 h at 37 °C (Fig. 3A). Additionally, there were no signiﬁcant
differences in the size and shape of cells treated or not with MβCD, as
determined by confocal laser microscopy (data not shown).
To examine the effect of host plasmamembrane cholesterol on eV or
PV formation, cCHO cells pretreated with MβCD were challenged with
parasites treated or not with CytD. While parasite invasion was not
blocked byMβCD treatment (p N 0.29 using t-test, Fig. 3B), the percent-
age of host cells containing eVs and the average number of eVs in a host
cell weremuch lower than in the non-MβCD-treated controls (p b 0.005
in Fig. 3C and p b 0.05 in Fig. 3D, solid lines, t-test). However, the both
percentages after the repletion of host cholesterol by treatment with
0.5mMChol were recovered to 94% and 78% of the controls, respective-
ly (not signiﬁcant between control and Chol treatment cells, p N 0.1
using t-test, dotted lines in Fig. 3C andD). Thus, host cholesterol appears
to be critical for eV but not for PV formation.
Fig. 3. The effects of host cholesterol depletion on PV and eV formation. (A) Cholesterol depletion from the host cell in cCHO (left panel) and GPAA1 (right panel) cells treatedwith 0 mM
(non-treatment control, white bars), 10 mM (gray bars), or 15 mM (black bars) of MβCD, and the repletion of cholesterol by the incubation with cholesterol-saturated MβCD (+Chol
0.2 mM or 0.5 mM, right or left hatched bars, respectively). The cholesterol contents were detected with the cholesterol-binding reagent ﬁlipin. Data show mean ± SEM from ﬁfty
visual ﬁelds (×400) examined for each. Statistical signiﬁcance by Tukey's test: *, p b 0.05. The differences between control and cholesterol-depleted cell (solid lines) or cholesterol-
depleted cell and cholesterol-repleted cell (dotted lines) are shown. (B) Invasion of parasites in MβCD-treated (10 or 15 mM), non-treated (0 mM), or cholesterol-repleted (MβCD
10 mM + Chol 0.5 mM) cCHO cells. Invaded parasites of total 300 parasites (invaded and attached) were counted in each treatment. (C) The percentages of cells containing eVs in
cCHO cells challenged with CytD-treated parasites for 60 min. The presence or absence of eV was counted in 100 host cells for each treatment. (D) The average number of eVs in a
cCHO cell, as determined in 100 host cells for each treatment. Data shown are mean ± SEM from three independent experiments in panels B-D. Statistical signiﬁcance by unpaired t-
test between 0 mM and each of MβCD treatments: *, p b 0.05; **, p b 0.005. ns, not signiﬁcant (i.e., p N 0.05) in panels B–D. (E) EV formation in cCHO (left panel) and GPAA1 (right
panel) cells treated with MβCD 10 mM and incubated with T. gondii (green). The eVs were detected with anti-ROP1 antibody (red). Arrowheads and an arrow indicate normal eVs and
EIEs, respectively.
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depleting host cholesterol, GPAA1 monolayers were pretreated with
10 mM MβCD and then challenged with CytD-treated parasites. Al-
though the number of eVs was signiﬁcantly lower than in the non-
MβCD-treated controls, host cholesterol depletion had no effect on
their size and shape in cCHO cells (left panel in Fig. 3E and cCHO
panel in Fig. 2A). Moreover, EIEs were also observed in GPAA1 cells
even after MβCD treatment, similar to the non-treated control cells
(right panel in Fig. 3E and GPAA1 panels in Fig. 2A), suggesting that
host GPIs and cholesterol independently affect eV formation.3.4. Recruitment of host organelles to the PVM is increased in GPI-deﬁcient
cells
Toxoplasma is able to extensively associate with host mitochondria
and the ER at the PVM, both concomitant with and continuing after in-
vasion. Previous studies showed that T. gondii uses ROPs or other secret-
ing proteins to recruit host mitochondria to its PVM [22,23]. To test
whether the recruitment of host organelles to the PVM is altered in
GPAA1 cells carrying EIEs, host mitochondria were stained with
MitoTracker and their association with the PVM was examined. The
384 M. Tahara et al. / Parasitology International 65 (2016) 378–388MitoTracker signal surrounding PVMs was seemed to increase more in
GPAA1 than in cCHO cells (Fig. 4A and B). Similar results were obtained
in cells stainedwith antibody against themitochondrial protein COX-IV
(data not shown). To quantify the extent of association between PVMs
and mitochondria, PVs in cCHO or GPAA1 cells were examined byFig. 4. The effects of GPI deﬁciency on the recruitment of host mitochondria to the PVM. (A) cCH
with stably GFP-expressing T. gondii (GFP-Toxo). Host mitochondria were stained with MitoT
electron micrographs of organelles recruitment by T. gondii. The recruitment of host mitochon
in cCHO (left panel) and GPAA1 (right panel) cells is shown. HN, host nucleus. (D) The prop
determined in electron micrographs of cCHO (white bar) and GPAA1 (black bar) cells. Dat
unpaired t-test: *, p b 0.001.electronmicroscopy.Whereas the high afﬁnity of PVMswith hostmito-
chondria was observed in both cell types (Fig. 4C), the association was
almost two-fold higher in GPAA1 than in cCHO cells (p b 0.001 using
t-test, Fig. 4D). Similar results were obtained for the association of
PVMs with host ER, detected by staining with an anti-KDEL antibodyO (top panels) and GPAA1 (middle and bottom panels) monolayerswere infected for 24 h
racker (red). (B) Panels show a lower magniﬁcation of the cellular PVs. (C) Transmission
dria (red arrowheads) and host ER to PVMs (blue dotted lines) containing parasites (P)
ortion of the length associated with host mitochondria to total PVM length of a PV, as
a shown are mean ± SEM from thirty PVs for each host cell. Statistical signiﬁcance by
385M. Tahara et al. / Parasitology International 65 (2016) 378–388(Fig. 5A and B). To quantify the association between PVMs and host
ER, the signal intensity of ER detected within 5 μm of each PVM
was determined. The results showed that the association of ER with
PVMs was about 1.5-fold greater in GPAA1 than in cCHO cellsFig. 5. The effects of GPI deﬁciency on the recruitment of host ER to the PVM. (A) cCHO (top pan
Toxo.Host ERwere stainedwith anti-KDEL antibody (red). (B) Panels showa lowermagniﬁcatio
in the images of cCHO(white bar) andGPAA1 (black bar) cells. Data shownaremean±SEM from
p b 0.001.(p b 0.001 using t-test, Fig. 5C), whereas we could not observe any
difference of intensity without the parasite's infection (data not
shown). Thus, EIEs in GPAA1 seem to induce the recruitment of host
organelles to the PVM.els) and GPAA1 (middle and bottom panels) monolayers were infected for 24 hwith GFP-
n of the cellular PVs. (C) ER (anti-KDEL) signal intensity per PVarea (within 5 μmof the PV)
twenty visualﬁelds (×630) for eachhost cell. Statistical signiﬁcance byunpaired t-test: *,
386 M. Tahara et al. / Parasitology International 65 (2016) 378–3883.5. Parasite growth is increased in the GPI-biosynthesis-deﬁcient mutants
To examine whether the greater recruitment of host organelles to
the PVM of the GPI-deﬁcient mutant had an effect on parasite growth,
intracellular parasite growth was monitored 48 h after the infection of
wild-type CHO (WT) cells and two GPI-deﬁcient mutant cell lines, theFig. 6. The effects of GPI deﬁciency on parasite invasion, egress, and growth. (A) The cell growth
and M2S2 (gray bar) derived from CHO cells for 2 days. The number of host cells was assesse
reduced formazan. (B) Invaded parasites of total 300 parasites (invaded and attached) were
ionophore A23187, ethanol (EtOH), or abscisic acid (ABA). Each time points indicate the incu
clones. Parasite growth was examined by measuring β-galactosidase activity incubated for
gondii, 2F. (E) The comparison of parasite growth at 3 × 104 parasites in (D). Data shown in p
test between WT and each of host cells: *, p b 0.05; ns, not signiﬁcant (i.e., p N 0.05) in panelspreviously described GPAA1 cells and M2S2 cells, which are incapable
of synthesizing the complete GPI because of a mutation in PIG-L,
which encodes an enzyme catalyzing deacetylation at a very early step
of GPI biosynthesis [26]. To determine the potential difference between
WT cells and the twoGPI-deﬁcientmutants, cell growthwasmonitored.
After 2 days, therewas no difference in the growth of the three cell linesof wild-type CHO cell (WT, white bar) and two GPI-deﬁcient mutants, GPAA1 (black bar)
d based on their dehydrogenase activities and examined as the absorbance (450 nm) of
counted. (C) The parasite egress induced by the treatment with reported inducers: Ca2+
bation period after the addition of each reagent. (D) The parasite growth in the host cell
48 h following the inoculation with indicated number of β-galactosidase-expressing T.
anels A-E are mean ± SE from 3 to 5 experiments. Statistical signiﬁcance by unpaired t-
A–E.
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were no differences betweenWT and GPI-deﬁcient mutants in parasite
invasion (Fig. 6B) and egress induced by Ca2+ionophore A23187, etha-
nol (EtOH), or abscisic acid (ABA) [27,28] (Fig. 6C). However, parasite
growth was higher in the GPAA1 and M2S2 than in WT cells (Fig. 6D).
The difference in parasite growth between WT and GPAA1 cells was
the largest when inoculated with 3 × 104 parasites (approximately 2-
fold greater in GPAA1 than in WT cells, Fig. 6E). Since the β-galactosi-
dase assay, which was used in Fig. 6D and E, is a gross growth assay in-
cluding egress and reinvasion and is therefore a more complex for the
interpreting the results, we decided to carry out further investigation
by counting the number of parasites per PV during 12–24 h of cultiva-
tion (Fig. 7). This assay is the realmeasure of the effect of host organelles
recruitment on intracellular growth. After 24 h, differences in the
growth of the parasite in WT cells and in the GPI-deﬁcient mutants
could be observed (p b 0.05 using t-test). The time point when the dif-
ference betweenWT cells and the GPI-deﬁcientmutants became signif-
icant coincidedwith theﬁrst recognizable difference between cCHO and
GPAA1 cells in the association of the host organelle with the PVM (Figs.
4, 5). Therefore, this result suggests that the facilitated recruitment of
host organelles to PVMsmight increase parasite growth in GPI-deﬁcient
mutants.Fig. 7. Time course of parasite replication. The number of parasites per vacuole of WT
(white bars), GPAA1 (black bars), and M2S2 (gray bars) cells was counted 12, 18, 24, 30,
and 36 h after invasion. One hundred vacuoles were examined at each time point for
each of host cells. Data shows mean ± SE from 3 to 5 experiments. Statistical
signiﬁcance by unpaired t-test between WT and each of host cells: *, p b 0.05.4. Discussion
In this study,we demonstrated that eVs consist of host plasmamem-
brane, at least in part, and that the selective uptake of host cell compo-
nents occurs during the formation of eV, as previously shown for PV.
However, whereas PVs do not contain either Src or Cav-1 [12,13], in
our study 27.4% of the eVs contained Src, suggesting that the selection
of hostmembrane components for eVs differs from that for PVs. The sig-
niﬁcance of selective host protein incorporation into eVs is unclear, but
itmay avoid fusion of the vesiclewith host lysosomes, similar to PVs [15,
16]. Indeed, a previous study showed that eVs could remain completely
resistant to fusion with host cell endosomes and lysosomes [4]. Further
studies are needed to understand the sorting mechanism that accom-
panies eV formation, especially the involvement of MJs.
In a previous study [29], Saeij and colleagues had been unable to de-
tect ROP16 in eVs in HFF cells infectedwith T. gondii. However, we could
detect ROP16-GFP associated with eVs and EIEs in CHO cells infected
with CytD-treated T. gondii. This conﬂicting result in the detection of
ROP16 might be caused by the species-speciﬁc differences of two cells.
Indeed, here we demonstrate that the structure of eVs, detected by
anti-ROP1 antibody, depends on host cells; whereas eVs were observed
as ribbon-like structures in HFF cells, almost all of eVs in CHO cells were
observed as dot-like structures (Fig. 1A). Further studies are required to
understand what factors of host cell inﬂuence the structure of eVs.
Cholesterol depletion from host cells by MβCD largely blocked eV
formation but neither parasite invasion nor, accordingly, the formation
of PVs.MβCD treatment as used in our study acutely depletes cholester-
ol in the plasma membrane, but cannot block its de novo synthesis in
the host cytosol. In a study by Coppens and Joiner [10], the acute deple-
tion of cholesterol with MβCDwas combined with its chronic depletion
using lovastatin, in which case the efﬁcacy of T. gondii invasion was sig-
niﬁcantly reduced from about 77% to 15%. These ﬁndings suggest that
the dependence on host cell cholesterol differs between eVs and PVs:
namely, eVs contain cholesterol from the host plasma membrane
whereas PV formation strictly uses cholesterol synthesized de novo,
and not that present in the plasma membrane.
T. gondii extensively associates with hostmitochondria and ER at the
PVM. Both host structures serve as a potential source of lipids for T.
gondii proliferation or PV enlargement [19–21]. After the secretion of
ROPs, some of them quickly associate with the nascent PVM. ROP2, in
particular, has been proposed as the physical link that tethers host mi-
tochondria to the PVM [22]. However, it was recently shown that the
knockout of all ROP2 family proteins (ROP2A, ROP2B, and ROP8) does
not prevent parasite recruitment of host mitochondria [23]. Moreover,
mitochondrial association factor 1 (MAF1) was identiﬁed as one of the
mediator of host-mitochondrial association of T. gondii [24]. However,
the roles of ROPs except for ROP2A, ROP2B, and ROP8 in this process
are still unknown. GPI-deﬁcient mutant cells but not their
complemented counterparts form EIEs. Together with the increased as-
sociation of mitochondria and ER with PVMs in the non-complemented
mutant, these results suggest that the contents of EIEs, and thus possibly
also those of eVs, are involved in the recruitment of host organelles to
the PVM. Moreover, we detected at least three ROPs, ROP1, ROP2, and
ROP16, within the same EIE, suggesting that EIEs, and possibly normal
eVs, contain several kinds of ROPs. It has also been reported that pro-
teins secreted from dense granules, GRAs, are not contained in eVs [4].
Thus, at least one of the organelle-recruitment factors seems to be a
member of the ROPs and is included within EIEs. Furthermore, the bet-
ter growth of the parasite in the GPI-deﬁcient mutants than inWT cells,
apparent after 24 h cultivation, reasonably corresponded to the time
when differences in the association of host mitochondria with the
PVM were ﬁrst observed (data not shown). Thus, the markedly in-
creased growth of the GPI-deﬁcient mutants may have resulted from
the greater association of host organelleswith PVMs. Together, these re-
sults suggest that EIE formation caused the excess recruitment of host
organelles to PVMs, and ultimately stimulated parasite growth. On the
388 M. Tahara et al. / Parasitology International 65 (2016) 378–388other hand, we can interpret these result differently, as organelle re-
cruitment occurs immediately after invasion [22]. Recruited organelles
increase as the parasite multiplies and the vacuole increases in size,
and as even though the proliferation rate is likely different as soon as
the parasite starts growing, it only become clearly noticeable upon
counting after a couple of divisions, i.e. after 24 h. The latter hypothesis
also seems suitable. Further investigation is needed.
Our study also identiﬁed a role for two components of the host mi-
crodomain, GPI and cholesterol, in eV formation by T. gondii. The injec-
tion of GPI-deﬁcient cells with an excess of ROPs resulted in EIE
formation. Whereas host cholesterol depletion had no effect on EIE for-
mation in these cells, it did prevent eV formation. These results indicate
that host GPI and cholesterol independently affect the formation of eVs,
regulating their size and number, respectively. We therefore propose a
mechanism of eV formation based on the dynamics of the hostmicrodo-
main on the plasma membrane as follows [8,9]. Fewer eVs are formed
from a low-microdomain-containing area, because of the low cholester-
ol content. In this area, eVs become larger because of lower microdo-
main, namely lower GPI concentration (e.g., EIE in GPI-deﬁcient cells
observed in this study). Thus a certain amount of injection is kept in
total. Conversely, if the GPI concentration is high, the formed eVs are
smaller. However, in these high-microdomain-containing areas, many
small eV are formed because of the high concentration of cholesterol
and GPI. This model implies that T. gondii regulates the amount of ROP
proteins injected into the host cell regardless of the nature of the host
cell microdomain in the invaded area. This mechanism of eV formation,
based on the balance between host GPI and cholesterol and supported
by the results of our study, could explain the extremely wide host
range of this parasite. On the other hand, the question arises: Does par-
asite inject the same amount of ROPs regardless of the nature of the host
cell microdomains in the invaded area, or change the amount of injec-
tion by the environment of the invading area? At least by our observa-
tion, the amount seems to change by the condition of membrane
microdomain. If this hypothesis is correct, T. gondii might inject ROPs
into many cells in normal environment of microdomains. To give light
on it, live-imaging techniques would help.
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